This paper concerns the feasibility of full-duplex large-scale multiple-input-multiple-output cellular systems. We first derive the analytic model of the ergodic achievable sum-rate for cell-boundary users. The model is derived by applying a simple linear filter, i.e., matched filter or zero-forcing filter, to the base-station (BS). In the analytic model, we consider large-scale fading, pilot contamination, transmitter noise, and receiver distortion. In addition, to solve the critical pilot overhead problem induced by self-interference channel estimation, we propose a pilot transmission scheme-the simultaneous pilot transmission (SPT)-and assess its performance, in terms of the ergodic sum-rate. In considering two multicell scenarios, cooperative and non-cooperative multicell systems, we obtain the ergodic achievable sum-rate by reflecting the characteristic of each scenarios, such as limited front-haul capacity and procedures of channel estimation. With all derived results, to investigate the feasibility, we observe the tradeoffs between the full-and half-duplex systems, between the SPT and conventional scheme, and between the two multicell scenarios with respect to various system parameters and environment. In the end, we confirm the tightness of our analytic model and advantages of full-duplex, SPT, and cooperation of BSs in our system model.
I. INTRODUCTION
O VER the last few decades, researchers have developed multiple-input multiple-out (MIMO) technologies to provide more users with higher date rates and greater reliability [1] . The proliferation of smart devices has led to an explosive rise in demand for higher data rate [2] , [3] . To handle the burgeoning data traffic, researchers have tackled various issues in fifth generation (5G) wireless communication. The key objectives for the upcoming 5G are to enhance spectral efficiency, reduce latency, and develop cost-effective energy and hardware technology [4] - [6] . The literature [7] , [8] have introduced some promising candidates for achieving such objectives; they include large-scale MIMO (massive MIMO), full-duplex, millimeter wave, and cloud radio access networks (CRAN).
Attracting a great deal of attention among these has been full-duplex technology. It is able to double spectral efficiency and reduce the roundtrip latency of system by supporting, simultaneous downlink (DL) and uplink (UL) transmission. For a long time, scholars have discussed the concept of full-duplex-the notion of sharing resources such as frequency and time. Interest, though, has been renewed now that engineers can implement full-duplex thanks to advanced antenna design and radio-frequency (RF) circuit [9] - [15] . The most significant hurdle in full-duplex is coming up with a way to cancel the self-interference (SI) that occurs at the receiver (Rx). Such interference is caused by the signal coming from the transmitter (Tx) of the same full-duplex node. Indeed, that signal's power is much greater than the received signal power of UL users. In typical microcells (with up to 2 km range), for example, to suppress the SI to the noise floor (−90 dBm), one needs approximately 125 dB of cancellation. The authors in [12] , [13] recently showed that the SI can be mitigated by the analog and digital cancellation in Zigbee and WiFi systems. In addition to the SI, there exists user-user interference. In a single-cell full-duplex system, this type of interference occurs at the received signal of DL users and is caused by the UL signal from adjacent UL users. Since the user-user interference cannot be mitigated by the transmit beamforming of BS, the authors in [16] proposed a type of simple opportunistic joint UL-DL scheduling based on the multiuser diversity.
In contrast to a single-cell full-duplex system, a multicell full-duplex system must contend with base-station (BS)-BS interference; also user-user interference worsens due to the presence of UL users of the adjacent cell. The BS-BS interference occurs at the BS's UL signal owing to the adjacent BS's DL signal. In this context, the author in [17] derived the throughput by accounting for access point spatial density, the SI cancellation capability, and the Tx power of APs and users in the multicell full-duplex system. For the user-user and BS-BS interference, however, the authors either assumed those to be zero or approximated them at a simple certain value. In [18] , the authors considered this interference in a practical manner by proposing the scheduling method based on the greedy algorithm and geometric programming. Researchers may need to reconsider, however, the assumption regarding the centralized scheduler, which can access all global system information such as the channel between the DL and UL users.
In this context, the combination of a full-duplex cellular system and a CRAN seems to be very attractive for handling the user-user and the BS-BS interference; such a combination would deal with the interference by means of the centralized scheduling and the cooperation of BSs [19] - [22] .
It seems inevitable that the industry will exploit large-scale MIMO at the BS side in order to provide increased spectral efficiency, energy efficiency or support many users [23] - [25] . Indeed, the target for 5G is a 1000-fold increase in spectral efficiency. Moreover, if the BS is able to perform the full-duplex technology, this guarantees highly increased spectral efficiency while reducing the roundtrip latency [26] , [27] . Another advantage of the full-duplex large-scale MIMO system is that, as the number of antennas increases, the system reduces the average SI power by scaling down the transmit power per antenna. This reduction occurs because the average SI power of each BS antenna depends not on the number of transmit antennas but only on the total transmit power and the SI channel gain [26] , [28] , [29] . However, the performance of a full-duplex large-scale MIMO system is limited by a critical pilot overhead problem. Typically, in a time-division duplex (TDD)-based half-duplex large-scale MIMO system, we can exploit the UL pilot, which depends only on the number of DL users and their antennas to estimate the DL channel by means of the property of channel reciprocity [28] . As a result, we are able to retain the pilot overhead even if we increase the number of transmit antennas. In contrast, exploiting the DL pilots in the full-duplex system is inevitable to estimate the SI channel which depends on the number of Tx antennas [30] . In [30] - [32] , the authors tackle the channel estimation problem in a full-duplex large-scale MIMO system, and the authors propose a pilot-aided channel estimation method which is an similar approach as ours. However, these results are restricted to the full-duplex relay. The author in [33] the authors solely focus on the channel estimation technique itself instead of investigating the overhead of pilot transmission procedures. The [34] , [35] handle the channel estimation problem in a similar viewpoint of ours. However, the proposed solution which exploits the downlink transmit signal instead of pilot to estimate the SI channel is sensitive to channel condition and requires large number of samples, while it enables to reduce the pilot overhead.
In this paper, we approach the large-scale MIMO cellular system with two motivations, namely, to develop an overhead reduction method and to analyze the feasibility of the system under various system parameters. As noted above, the pilot overhead problem and investigating the effect of the interference which does not occur in conventional half-duplex system have to be tackled. The main contributions of this paper are as follows:
Overall, we investigate the feasibility of full-duplex largescale MIMO system considering the practical issues and the pilot transmission scheme.
• Derivation of the analytic model of the ergodic achievable sum-rate for cell-boundary users in a cooperative multicell system: We obtain the analytic model for cell-boundary users which are bottlenecks for both the DL and the UL transmission; at the same time, we obtain the worst case for system performance [36] . We consider two linear filter, matched-filter (MF) and zero-forcing (ZF), since these are enough to obtain performance as much as the MMSE filter, even close to the performance of non-linear filter in large-scale MIMO system [28] , [29] , [36] - [39] . Rather, since the minimummean-square-error (MMSE) filter requires feedback of the value of signal-to-noise-ratio (SNR) even though the MMSE filter guarantees good performance, MF and ZF filter are more suitable and tractable to analyze the performance of our system. In addition, in the multicell scenario, cell-boundary users experience more serious user-user interference from UL users of adjacent cells. Unlike previous studies [40] , [41] , we observe that, with the increase in the number of antennas at BS, we can provide a better sum-rate through a full-duplex system than is possible through a half-duplex system for cell-boundary users. To investigate the performance in various scenarios, this study considers two scenarios -a non-cooperative system and a cooperative multicell system. To provide an accurate analytic model in practice we consider the following four things: 1) large-scale fading; 2) pilot contamination -a critical problem in large-scale multicell systems due to the identical set of UL pilots for all cells [42] ; 3) Tx noise and Rx distortion induced by limited dynamic range (DR) of the Tx and Rx, as these are not negligible when we consider the SI channel [30] ; and 4) quantization noise for front-haul between BSs and the central unit (CU) in a cooperative multicell system, as we have limited front-haul capacity [43] . • Proposed pilot transmission scheme-simultaneous pilot transmission (SPT): In order to reduce the pilot overhead, we propose the SPT depicted in Fig. 2 (c) . Conceptually, the SPT transmits the UL pilot and the SI pilot which is the DL pilot for the SI channel estimation simultaneously in the time domain. Since the received power of the SI pilot is larger than those of the UL pilot due to small path-loss, we estimate the SI channel first, and then subtract it from the received signal. This concept is similar as the concept of power-domain non-orthogonal multiple access [44] . We calculate the distribution of the estimated channel by the MMSE channel estimation and then investigate the achievable sum-rate of the SPT by comparing it to the non-simultaneous pilot transmission (nSPT). The nSPT transmits all pilots orthogonally in the time domain, as in the conventional scheme. We observe from this that the SPT holds two distinct advantages -it reduces the pilot overhead and achieves additional power gain on the estimated channels (induced by the difference of pilot length between the SI and UL pilots). At the same time, however, the channel estimation performance can be degraded due to interference between pilots. Finally, we observe this trade-off with respect to various system parameters including computational complexity. • Comparison of the ergodic achievable sum-rate of non-cooperative and cooperative multicell system: Since the procedure of channel estimation is different depending on a multicell system, we derive the distribution of the estimated channel for each scenarios. In addition, we obtain the asymptotic ergodic achievable sum-rate using our analytic model. As a result, we find out that quantization noise induce by limited front-haul capacity critically limits the ergodic achievable sum-rate and accuracy of the channel estimation of cooperative multicell system. Then, we observe the trade-off between two multicell scenarios to investigate the feasibility of both scenarios. This paper is organized as follows. In Section III, we describe the system model of UL and DL transmission for two different system scenarios. Section IV addresses the operation of the nSPT and SPT, and shows the determination of the distribution resulting from the MMSE channel estimation. In Section V we derive the analytic model of ergodic achievable sum-rate for two scenarios. Section VI shows the performance analysis, and Section VII presents the simulation results. Conclusions are drawn in Section VIII.
II. NOTATION
A H , A T and A * denote conjugate transpose, transpose and conjugate of matrix A, respectively. Var[X] and E[X] respectively imply the variance and average of random variable X. diag(A) and blkdiag[A 1 , . . . , A n ] denotes diagonal elements of matrix A and a block-diagonal matrix whose diagonal elements are A 1 , . . . , A n . For convenience, we define C(γ) = log 2 (1 + γ), where γ is a random variable. We denote the column vector normalization for matrix F as
) † denotes the covariance matrix of X and Y. In addition, the notations that we defined in the paper are as follows:
Symbol
Description
DL channel between the BS of cell i and the K DL users in cell j
Eestimated version of (G d ij ) T and its estimation error
Channel between DL users in cell i and UL users in cell j G u ij ∈ C Mr ×K UL UL channel between a BS of cell i and K UL users in cell j
Dhannel between two BSs of cell i and cell j
DL(UL) channel between all BSs and DL(UL) users
Precoder in a cooperative multicell system
Pilot for the SI channel estimation at cell i (τ SI ≥ Mt)
Tx noise at the BS in cell i Δ i ∈ C Mr ×τ SI Rx distortion at the BS in cell i
III. SYSTEM MODEL
We consider the system model for two multicell scenarios -the non-cooperative multicell and the cooperative multicell systems. In both, we assume N cells, all of which consist of a full-duplex BS with M t /M r RF chains for Tx/Rx and K DL /K UL half-duplex users with single antenna for DL/UL transmission for each cell. Namely, all K tot (= K DL + K UL ) half-duplex users are allowed to operate UL and DL transmission, but at certain time, each user operates either UL or DL transmission. The Tx and Rx RF chains are independent of each other. We assume the Rayleigh fading channel for all channels. A line-of-sight (LoS) element is presented explicitly for the BS-BS and SI channels; nonetheless, we can still assume the Rayleigh fading channel since, prior to digital signal processing, the analog cancellation can greatly mitigate the LoS component on the Rx side. All channels defined in this paper are expressed as G
where H x includes fading coefficients which follow zero mean and unit variance, and x ∈ {d, u, BS, UE} indicates the DL and uplink channels, the channel between BSs and the channel between UL users and DL users.
k for the kth diagonal element which represents the geometric attenuation. We assume that D x is known in advance, as it changes very slowly with time. Accordingly, instead of estimating G x , we focus on estimating H x . In order to mitigate the SI at each BS, we adopt a time-domain cancellation that directly subtracts the estimated SI channel from the received signal [15] . In this context, the variance of the estimation error of the SI channel becomes the power of the residual SI. Moreover, considering hardware impairment, we reflect the Tx noise and Rx distortion [30] . Specifically, the Tx noise and Rx distortion are occurred when DR of the Tx and Rx is limited and the channel DR is high. Here, the DR of Tx and Rx denote the largest and the smallest value that the device can handle and the channel DR is defined as the ratio of the (nominal) interference channel gain to the (nominal) desired channel gain. In practice, since the Rx DR is limited and the DR of SI channel is very high, the desired signal is easily overwhelmed. In contrast, because the DR of channel between the BS and users is much smaller than the DR of SI channel, the Tx noise and Rx distortion can be ignored. In this regard, we consider the Tx noise and the Rx distortion only for SI channel. In the following subsections, we address details of the two different scenarios.
A. System Scenario 1: Non-Cooperative Multicell System
Here, based on local estimated channel state information (CSI), each BS produces a precoder for DL transmission and a detection filter for UL transmission. Since no cooperation exists between any of the BSs, intercell interference is only slightly mitigated.
1) Downlink Transmission:
We define the k th column of the estimated DL channel (Ĝ d ij ) T and the estimation error
ij.k are determined by a pilot transmission method which will be discussed in Sec. IV.
The received signal of DL user k at cell i is
where s d j ∈ C KDL×1 and s u j ∈ C KUL×1 denote the DL and UL transmitted symbols of cell j. Without loss of generality, we assume that s d j (s d j ) H = I KDL and s u j (s u j ) H = I KUL , and the Gaussian noise n d i,k ∼ CN (0, n 0 ). In (1), P d and P u denote the DL transmit power per antenna and UL transmit power per user. We note that the UE-UE interference is induced by adjacent UL users.
2) Uplink Transmission: In a manner similar to that of DL transmission, we define
and • denotes element-wise multiplication. When it comes to the SI channel, i.e., the i = j case, D BS ii is a symmetric matrix whose elements are defined as [D BS ii ] m = (ρ BS ii, m ) 2 which reflects the distance between each antenna. We define
The received signal for user k of cell i at the BS is expressed as
Based on [30] , the Tx noise and the Rx distortion occurring at cell i are modeled as ψ i ∈ C KDL×1 and δ i ∈ C Mr×1 , Fig 
B. System Scenario 2: Cooperative Multicell System
As depicted in Fig. 1 , we have a CU that is connected to each BS via front-haul with limited capacity C d /C u for DL / UL transmission. Based on the collected global CSI, the CU produces a precoder and a detection filter based on the collected global CSI. As a result, the system enables mitigation of the intercell interference that stems from BS cooperation.
1) Downlink Transmission:
We define all DL channels of the system between BSs and DL users as
as a precoding matrix. The quantization noise over DL front-haul of cell i is described as
. P s denotes the desired symbol power and follows P s [20] . The precoded signal transmitted from CU to the i th BS is defined as
. The received signal of user k at cell i is
intra,inter-cell interference
2) Uplink Transmission: In a manner similar to that of the DL transmission, we define
Based on the UL channels, the CU produces a detection filter defined as
where G u j ∈ C Mr ×KULN and G BS j ∈ C Mr ×MtN denote the row vectors from the (M r (j − 1) + 1) th to the (M r j) th of G u and the channel between BS j and all other BSs, respectively. In (5) , as shown at the bottom of this page, δ C j denotes the column vector from the (M r (j − 1)
. The UL quantization noise of N cells, q u is also defined in a similar manner to that of the DL case. The received signal of user k of cell i at CU is expressed as in (5)
We define the Tx noise and Rx distortion as [30] , [45] .
IV. PROPOSED PILOT TRANSMISSION SCHEME
Here, we introduce two pilot transmission schemes in a TDD-based full-duplex large-scale MIMO system; in these schemes, each BS performs channel estimation based on the received signal. One is the conventional scheme, namely nSPT; the other is our proposed scheme, SPT. Based on the channel reciprocity in large-scale MIMO systems, we exploit the UL pilots to estimate both the DL and the UL channels [28] , [29] . We define two different UL pilots in order to distinguish their usage, where Φ UU i denotes the UL pilots sent from the UL users to estimate the UL channels which follows
In a similar manner, Φ UD i denotes the UL pilot sent from the DL users to estimate the DL channels that satisfies
We define the SI pilot to estimate the SI channels as
Furthermore, because in a large-scale MIMO system, we use the same set of the UL pilot in each cell, we consider the effect of the pilot contamination in the channel estimation [42] . We recall that the Tx noise and the Rx distortion on signals received over the SI channels are also considered. Throughout this paper, we use the MMSE channel estimation [46] . Fig. 2 , three different pilots are transmitted orthogonally in the time domain prior to sending the data needed to estimate the UL, DL and SI channels. Thus, the required pilot overhead is (τ UD + τ UU + τ SI ). Since the UL and the DL channels are estimated independently, we follow the results of channel estimation in [29] . Here, we describe only the procedures of the SI channel estimation for the nSPT. During the SI pilot transmission, the received signal for the Rx of the BS at cell i is
A. Channel Estimation in a Non-Cooperative Multicell System 1) Conventional Scheme (Non-Simultaneous Pilot Transmission (nSPT)): As shown in
(n,j)=(1,1),(n,j) =(j,k)
where Ψ i and Δ i are the Tx noise and the Rx distortion.
whereȳ it is the t th column ofȲ i . We obtain the distribution of the estimated channels, given by
2) Proposed Scheme (Simultaneous Pilot Transmission (SPT)): As illustrated in Fig. 2 (c), the main concept of the proposed scheme is that the Tx RF chains of both the BS and the UL users send pilots simultaneously to reduce the pilot overhead. The DL users cannot simultaneously transmit pilots with the Tx RF chains of the BS since such pilots have to go through the channel between the Tx RF chains and the DL users. Thus, we redefine the pilot as
In order to estimate both the SI and the UL channel based on (8), we estimate the SI channels first because the power of the SI pilots is larger than that of the UL pilots. Then, we subtract the estimated signal from (8) . The resulting signal is
Theorem 1: By means of SPT, the distribution of the estimated m th and k th columns of G BS ii and G u i,i are given bŷ Note that the computation of the MMSE estimation is composed of three matrix multiplication operations, two matrix inversion operations and one addition operation. Accordingly,
the computational complexity is given as
In conclusion, since the operation of the SPT requires relatively small amount of the computational complexity, those of both the SPT and the nSPT come to the same result.
B. Channel Estimation in a Cooperative Multicell System
Unlike the non-cooperative muticell system, the CU estimates all DL and UL channels including inter-cell channels, while the SI channels are estimated at each BS. To this end, after each BS receives the UL pilots for either DL users or UL users, each BS send those received signal to the CU via front-haul link. In the process of this, the quantization noise is added to transmitted signal. This procedures are illustrated in Fig. 3 . Details will be discussed in the following subsection by considering two different pilot transmission schemes.
1) Conventional Scheme [Non-Simultaneous Pilot Transmission (nSPT)]: Three different pilots are sent orthogonally in the time domain prior to sending the DL and the UL data. The received signals of the BS at the i th cell are expressed respectively as
Since the SI channel estimation is the same as those of the nSPT in a non-cooperative multicell system, we don't describe it here. Instead, the estimation of the DL and the UL channels is introduced in the following. a) UL channel estimation: The CU estimates the UL channels after collecting the received signals, Y UU 1 , . . . , Y UU N , from N BSs. For understanding, we describe the procedures of estimation as focusing on the i th cell. First, we calculate the quantization noise over the front-haul link. Let
Then, from (15b), the m th row is expressed as
Thus, as addressed in [20] , the power of quantization noise for sending y UU im T via the front-haul is given by
Then, the received signal from BS i at the CU is given as Y UU 
Since the MMSE channel estimation of g u ii,k is given bŷ
Accordingly, the distribution of the m th element ofĝ u ii,k is given by (20) , as shown at the top of the next page.
b) DL channel estimation: In a similar manner of the UL channel estimation, the DL channel can be estimated by using Φ UU j N j=1 . Thus, the distribution of the m th element ofĝ d ii,k is given by (19) , as shown at the top of this page.
2) Proposed Scheme (Simaultaneous Pilot Transmission (SPT)): It is the same concept as in the non-cooperative multicell system to receive the SI pilot and the UL pilot at the same time. However, in the cooperative multicell system, each BS just delivers the received signal after estimating the SI channel and then subtracting it from its own received signal, since all UL channels including inter-cell channels are estimated at the CU. Due to the fact that the result of the SI channel estimation is the same as that of the non-cooperative multicell system, we only addressed the procedures of the UL and the DL channel estimation. a) UL channel estimation: After subtracting the estimated the SI channel from the received signal, the resulted signal is given by
In order to calculate the quantization noise over the front-haul link, we observe the m th column of Y UU, SPT i which is given as
Accordingly, the power of quatization noise over the front-haul link for sending y UU,SPT im T is given by
where B 2 = P d
Mr l=1
Mt m=1
As a result, the received signal at the CU from the BS i via the front-haul link is given as Y UU, SPT 
where (21), as shown at the top of this page. b) DL channel estimation: It is obtained as same as (19) .
Remark 3 (Comparison of Estimation Error Between the Non-Cooperative and the Cooperative Multicell System):
The big difference between (7b), (10b) and (20) , (21) is whether the quantization noise exists or not. In words, the performance
of the channel estimation is limited by the front-haul capacity. Thus, even though the CU can estimate all DL and UL channel to mitigate inter-cell interference, it is hard to achieve the gain by the BS cooperation. For the comparison of the nSPT and the SPT, it follows the same tendency as analyzed in Remark 1.
V. ANALYTIC MODEL FOR THE ERGODIC ACHIEVABLE SUM-RATE
By applying the simple MF and ZF linear filters to the BS for two multicell system scenarios, we introduce the analytic model for the ergodic achievable sum-rate of the cell-boundary users.
A. System Scenario 1: Non-Cooperative Multicell System 1) Ergodic Achievable Downlink Sum-Rate:
Based on [36] , we adopt matrix-normalization for the MF precoder and vector-normalization for the ZF precoder. In other words, for cell i,
Theorem 2: From (1), the DL ergodic achievable sumrate for the K DL cell-boundary users in cell i is given as (27) , as shown at the top of this page, for the MF precoder, where I MF
For the ZF precoder, the DL ergodic achievable sum-rate is given as (28) , as shown at the top of this page.
Proof: See Appendix B.
2) Ergodic Achievable Uplink Sum-Rate: We define the MF and the ZF detection filter as W
Note that the normalization isn't necessary. (2), the UL ergodic achievable sum-rate for the K UL cell-boundary users in cell i is given as (29) , as shown at the top of this page, for the MF detection filter, where I MF
Theorem 3: From
For the ZF detection filter, the UL ergodic achievable sum-rate is given as (30) , as shown at the top of this page, where I ZF
B. System Scenario 2: Cooperative Multicell System
Considering a full-centralized CRAN system, a precoder and detection filter are produced based on the global CSI of the system at the CU. Unlike the case of the non-cooperative multicell system, there exists the DL and UL quantization noise occurring at the front-haul due to the limited front-haul capacity.
1) Ergodic Achievable Downlink Sum-Rate:
We define the MF precoder as F MF = (Ĝ d ) H /Ĝ d and the ZF precoder as
Theorem 4: From (3), the DL ergodic achievable sum-rate for the K DL cell-boundary users in cell i is given as (31) , as shown at the top of this page, for the MF precoder, where I C,MF
For the ZF precoder, the DL ergodic achievable sum-rate is given by (32) , as shown at the top of the previous page,
2) Ergodic Achievable Uplink Sum-Rate: We define the MF and ZF detection filter as W
Theorem 5: From (5) , the UL ergodic achievable sum-rate of the K UL cell-boundary users for cell i is given as (33a), as shown at the top of this page, where
We note that
For ZF detection filter, the UL ergodic achievable sum-rate is given by (34) , as shown at the top of this page, where (ρ u ik,avg
Remark 4 (Tightness of Approximation on Ergodic Achievable Sum-Rate):
The mathematical background used in this work is mainly based on [28] , [29] , [36] , [47] . From the [36, Lemma 4] , we obtain E 1
denotes a norm of random vector v. From [36, eq. (5) ] derived by the Chebyshev's inequality, we obtain the property of "near deterministic" which indicates 
VI. PERFORMANCE ANALYSIS
The performance of the full-duplex cellular system heavily depends on the channel estimation method and the level of the aforementioned interference-the SI and the BS-BS interference and the user-user interference. Here, we discuss the feasibility of a full-duplex large-scale MIMO system by analyzing the ergodic achievable sum-rate based on the obtained analytic results. Furthermore, we investigate the reliable region which indicates the interval that can guarantee a better sum-rate from a full-duplex system than from a half-duplex system. For comparison, without loss of generality, we assume that the same linear filter is applied to both systems. Also, we assume that all cells operate either as half-duplex or full-duplex systems [17] . Basically, the reliable region when considering the pilot overhead can be obtained by solving the following inequality.
where τ FD , τ HD , R FD d,k and R FD u,k denote the pilot overhead of the full-duplex and the half-duplex system, and the achievable rate of the full-duplex system for the DL and UL user k, respectively. T denotes the number of total symbols per coherence time, T cohe , which includes all pilots and data symbols. Since we assume that the symbol duration is unchanged, the increase of T implies the increase of T cohe . In (35) , we define R In this regard, I FD UL,k denotes the sum of the power of the SI, the BS-BS interference, the Tx noise, and the Rx distortion. In the half-duplex cellular system, we denote the SINR of user k as SINR HD DL,k = S HD DL,k /I HD DL,k and SINR HD UL,k = S HD UL,k /I HD UL,k . In order to determine the reliable region, we partition (35) into DL and UL transmission. Otherwise, even though we obtain a more achievable sum-rate for the full-duplex system, the achievable sum-rate of either DL or UL transmission could be smaller than those of the half-duplex system. Thus, we derive conditions for the reliable region that satisfy both
Lemma 1 (nSPT): By using the nSPT, the maximum tolerant power of the interference and the minimum required coherence time for the both multicell scenarios is
where T nSPT and t s denote the total number of symbols for the nSPT and the symbol durations [sec/symbol]. Proof:
Based on the Bernoulli's inequality, where (1 + x) r ≥ 1 + rx for every integer r and every real number
x ≥ −1 and the equality holds when x goes to small value, we reformulate (36) as
for the cell-boundary DL user k, where x ∈ {DL, UL}. Since, with the nSPT, we send the pilot orthogonally in the time domain, the channel estimation errors of DL and UL in the half-duplex system are the same as those of the full-duplex system with the nSPT. We then say that (S FD DL,k = S HD DL,k , I DL,k = I HD DL,k ) and (S FD UL,k = S HD UL,k , I UL,k = I HD UL,k ) for all user k. After we reorganize (38) in terms of I FD
x,k , we obtain (37b). Then, since the coefficient of I x,k needs to be larger than zero in order to satisfy (37b), we obtain (37c) from (37b).
Lemma 2 (SPT): By using the SPT, the maximum tolerant power of the interference and the minimum required coherence time for both multicell scenarios is
T nSPT denotes the total number of symbol for the nSPT. The analytic value of SINR FD UL,k and SINR HD UL,k are given in Sec. V. We recall that τ max = max(τ SI , τ UU ).
Proof: In a manner similar to that of Lemma 1, we start with the proof from (38) . To estimate the DL channels, we have (S FD DL,k = S HD DL,k , I DL,k = I HD DL,k ) for the same reason as in Lemma 1. However, to estimate the UL channels, we cannot calculate in the same way due to a different resulting channel estimation error. Thus, the second inequality of (41b) is obtained by reorganizing (38) in terms of I FD UL,k . T UL max in (41c) is obtained by reorganizing (38) in terms of T .
Remark 5 (Sensitivity to the Coherence Time): Comparing (37c) with (41c), we first observe that 2τ max + τ UD < 2(τ SI + τ UU ) + τ UD . Next, from (41c), T UL max = (2τ FD − ατ HD )(2 − α), where α = SINR HD UL,k /SINR FD UL,k ≤ 1 and k is the maximization index. We obtain the maximum value of T UL max as 2τ FD − τ HD = 2τ max − τ UD when α = 1, which is smaller than 2(τ SI + τ UD ) + τ UU in (37b). Accordingly, we say that the SPT is less sensitive to the coherence time than to the nSPT. i.e. T SPT cohe ≤ T nSPT cohe .
Lemma 3 (Asymptotic Achievable Sum-Rate of the Full-Duplex System in a Non-Cooperative Multicell):
From (27) and (28) , we obtain the asymptotic result on the DL ergodic achievable sum-rate given as
From (29) and (30) , the asymptotic result on the UL ergodic achievable sum-rate is (45) where, without loss of generality, we assume M t = M, P d = P u and n 0 = 1 for all cells.
Proof:
Due to the power scaling in large-scale MIMO [29] , [48] , we have P d = P u = P r / √ M . Then, after reorganizing each equation with respect to M , we obtain the (42) - (45) .
Lemma 4 (Asymptotic Achievable Sum-Rate of the Full-Duplex System in a Cooperative Multicell): From (31) and (32) , the asymptotic bound on the DL achievable sum-rate for the MF precoder is given by (39) , as shown at the top of the previous page, and for the ZF precoder,
From (33a) and (34) , the asymptotic bound on the UL achievable sum-rate for the MF filter is given by (40) , as shown at the top of the previous page, and, for the ZF filter is
where, without loss of generality, we assume M t = M, P d = P u and n 0 = 1 for all cells. Proof: Similarly, it follows the proof of Lemma 3. Remark 6 (Sum-Rate of the Full-Duplex System in Multicell Systems): From Lemma 3 and Lemma 4, for the same given user set, the asymptotic achievable sum-rate of the full-duplex system becomes almost two times greater than those of the half-duplex system even for the cell-boundary users, but only if sufficient dynamic range is supported. This is because all interference is mitigated by scaling down the power as M increases. We note, however, that the channel estimation error including the pilot contamination effect still affects the limit value. In the cooperative multicell system, additionally, there exists quantization noise in the limit value which linearly depends on M (See Theorem 4 and 5) , since more information is required to exchange over the front-haul between the CU and the BSs as M increases. Thus, sufficient front-haul capacity, greater than those of non-cooperative multicell systems, is required to guarantee the sum-rate in the cooperative multicell system. Remark 7 (Performance of the Full-Duplex System Under Asymmetric Data Traffic): Under asymmetric data traffic, the flexible-duplex system let the BS use the dynamic TDD which enables to flexibly adjust the duration of DL transmission and UL reception. To compare such system with the full-duplex system, we define D DL (t) and D UL (t) as the total data traffic of DL and UL, respectively. And, we assume that D DL (t) increases faster than D UL (t) with respect to t, i.e., dDDL(t) dt ≥ dDUL(t) dt > 0 and 0 < ζ := DUL(t) DDL(t) < 1. Moreover, we assume D DL (t), D UL (t) ≥ nT cohe , where n > 0 and T cohe are integer and the coherence time, respectively. And, to focus on the best-performing dynamic TDD, it is assumed that the data traffic for each cell is the same and MAC layer protocol is not under consideration for our analysis. Accordingly, for given D DL (t) and D UL (t), in flexible-duplex system, the BS supports DL transmission during (1 − ζ) fraction of T cohe and UL reception during ζ fraction of T cohe , while the full-duplex enabled BS operates DL transmission and UL reception simultaneously during T cohe . Instead of (35) , the conditions can be obtained by solving the inequality given as follows: (35) is obtained when ζ = 0.5. Although, the performance of full-duplex depends quite a lot on the data traffic, there definitely exists the certain regime which guarantees better performance to the full-duplex system. This will be shown in the Section VII.
VII. SIMULATION RESULTS
In this section, based on the derived results in the previous sections, we observe the tightness of the analytic model, comparison of the full-and half-duplex systems, comparison of non-cooperative and cooperative multicell systems, and comparison of the nSPT and the SPT. In our simulation environment, we deploy the cell-boundary users which are distributed around the bottom 5% of the cell radius based on the LTE standard. Without loss of generality, we set up M t = M r = M , K DL = K UL = K, τ SI = M, τ UU = K, and τ UD = K [49] . By following [30] , the Tx noise and the Rx distortion are given by −100 dB ≤ α = β ≤ −50 dB. The large scale fading coefficient is modeled as ρ = z/d v , where z is a log-normal random variable with the variance σ shadow = 8 dB, and d is the distance in meters between the BS and UE. v = 3.8 is the pathloss exponent. For the SI channel we assume a free space pathloss ρ = (4πd/λ) 2 , where λ = c/f, c = 3 × 10 8 and f = 2.4 GHz. We define the reference transmission power P r for which P d = P u = P r / √ M [29] . Figure 4 offers a comparison of the analytic model derived in Section V with the numerical results for ZF and MF. In order to focus on the tightness of the analytic model, we only consider the nSPT for the full-duplex system and do not reflect the pilot overhead, since the only difference between the nSPT and the SPT is the channel estimation error. In Fig. 4 , our analytic model can be seen to be well matched with the numerical results. Typically, the performances of both MF and ZF depend on the received SINR, which is affected by the radius of the cell or by the reference transmission power. It is noticeable that the sum-rate of the cell-boundary users in the full-duplex system is enhanced as M increases, even more than those of sum-rate values in the half-duplex system. This result goes against the findings of previous work [30] , [50] . This is because the user-user interference and the SI can be mitigated by the fact that the total transmit power of the BS and that of each user can decrease as the number of BS's antennas increases, [28] , [29] .
A. Tightness of the Analytic Model

B. Comparison of the Full-Duplex and the Half-Duplex Systems
As we discussed in (36) and (36), in Fig. 5 , we observe the UL and DL sum-rate of full-and half-duplex systems separately. It can be seen that there exists a sum-rate enhancement when using the full-duplex operation on the BS side as M increases for both the UL and the DL sumrate. Specifically, if the value of the ratio becomes more than 1, the achievable sum-rate of the full-duplex system is larger than those values of the half-duplex system. This is because the total DL transmit power and the UL transmit power of each user are scaled down as M increases. However, we note that, due to the small achieved DL-to-UL sum-rate ratio, total sum-rate of the full-duplex system can be seen better than those of the half-duplex system although the DL sum-rate of the full-duplex system provides less sum-rate than those of the half-duplex system in certain regime. The reason for the small DL-to-UL sum-rate ratio is that the user-user interference occurring at the DL users due to the adjacent UL transmission critically limits the DL rate. For such regime, it is hard to say the performance of the full-duplex system is larger than those of the half-duplex system. Accordingly, under the condition discussed in Lemma 1 and 2, the reliable region can be obtained. Furthermore, in Fig. 5 , we also observe that the BS cooperation provides more gain by controlling the inter-cell interference especially for the full-duplex system, since relatively more sum-rate of the full-duplex system for both the UL and the DL transmission is obtained in the cooperative multicell system.
C. Comparison of the Non-Cooperative and the Cooperative Multicell Systems
In the left figure of Fig. 6 , we observe the trade-off between BS cooperation and the quantization noise induced by the limited front-haul capacity. When we have sufficient front-haul capacity, it means here that the front-haul capacity is larger than the cross point, and the BS cooperation can be beneficial. In other words, in this regime, the gain obtained by mitigating intercell interference becomes greater than the SINR loss due to the quantization noise. In this context, it is seen that the cooperation of BSs instead decreases the achievable sum-rate as the front-haul capacity decreases. However, as the front-haul capacity decreases, we observe that the quantization noise drastically degrades the achievable sum-rate of the cooperative multicell system as well as the accuracy of the channel estimation, as discussed in Remark 3 and Lemma 4.
On the right figure of Fig. 6 , we focus on determining the feasibility of cooperation of BSs via the front-haul. Specifically, if the value of the ratio is larger than one, we are able to achieve more sum-rate through the BS cooperation. However, as M increases, we lose the advantage of the BS cooperation for the following reasons: i) the intercell interference is averaged out due to a large number of RF chains even in the non-cooperative multicell systems; and ii) cooperation of BSs requires more front-haul capacity for a larger number of RF chains and incurs more Tx noise, Rx distortion, and SI due to joint signal processing over the entire cell at the CU.
D. Comparison of the nSPT and the SPT
In Fig. 7 , we compare the achievable sum-rates of the three systems -the full-duplex system with the nSPT, the full-duplex system with the SPT, and the half-duplex systems, in the non-cooperative multicell and the cooperative multicell scenarios, respectively. In Fig. 7 , we show the best-performing system for each regime. For instance, the brighter color in the contour means a superior sum-rate of the full-duplex with the SPT, while the darker color implies the superiority of the sum-rate of the half-duplex system. Generally, the both multicell scenarios follow a similar tendency with respect to T and K. With small T which can be regarded as leading to the high mobility scenarios or the operation at higher frequencies [51] , the sum-rate of the half-duplex system is better because the pilot overhead of τ HD = 2K has the smallest value among the three methods. Then, as T increase, the fullduplex system provides better sum-rate. The advantages of the SPT are reduction of the pilot overhead and the achieving the power gain (τ max −τ UU ), while the UL pilots are interfered by the SI pilot. As a result, with large T which can be regarded as indicative of low mobility scenarios or the operation at low frequencies, the SPT outperforms the nSPT due to additional power gain on the UL channel estimation as K decreases. We also observe that, due to the reduction of pilot overhead for the SPT, the SPT can even perform better than the half-duplex system in the regime of small T and K, in which the nSPT performs worse than the half-duplex system.
In Fig. 8 , we observe that the NMSE of both the nSPT and the SPT decrease as the transmission power increases, because it is implied that more power is used to send pilots. Furthermore, as discussed in Remark 1, the NMSE of the SPT gets larger in a very small cell. This is because the BS experiences more interference from the UL pilot transmission due to the increased large-scale fading gain of the UL users. However, even with an increase of the cell radius, we can obtain a similar SI cancellation level for the nSPT by using the SPT. Figure 9 shows the required transmission powers of the BS and a user when the achievable sum-rate of DL and UL transmissions are fixed. In this context, less required power implies guaranteeing a better rate under identical power constraints. In line with previous simulation results, the cooperation of BSs requires less power due to the intercell interference control only if sufficient front-haul capacity is given. Moreover, under the given simulation setup, the SPT requires less power which means that it provides a higher rate due to the power gain (τ max − τ UU ) attained in estimating the UL channels.
E. Comparison of the Full-Duplex and Flexible-Duplex Systems Under the Asymmetric Data Traffic
Here, we discuss more about the feasibility on the full-duplex large-scale MIMO cellular system. First, as discussed in Remark 7, we observe the performance under asymmetric data traffic. In Fig. 10 , we consider P r = 20 dBm, Fig. 9 .
Required transmission powers of the BS and the user for the fixed rate 0.1 bps/Hz. We consider values of N = 3, K = 1, r = 2 km, T = 800 symbols and C d = Cu = 20 bps/Hz. N = 3, K = 5, C d = C u = 20 bps/Hz, α = β = −80 dB [30] . And, we set P d = KP u = P r / √ M . It is seen that regardless of ζ, the achievable sum-rate of full-duplex and flexible-duplex systems is almost constant and the full-duplex system obtains more achievable sum-rate. This is due to the fact that we set P d = KP u . However, as discussed in Section VI, the regime 0.3 ≤ ζ ≤ 0.7 in Fig. 10 (b) is only truly meaningful, since both UL and DL sum-rate of the full-duplex achieve more than those of the flexible-duplex system. Note that, in practice, it is hardly required very small or large ratio ζ to network. The reason why the ratio of UL sum-rate decreases as ζ increases is that ζT timeslots are used for UL transmission in the flexible-duplex system while T timeslots are used in the full-duplex system. The researches regarding the asymmetric data traffic in the Fig. 10 . Achievable sum-rate per cell and the ratio of the full-duplex's sum-rate and the flexible-duplex's sum-rate with respect to the data traffic ratio in the non-cooperative multicell scenario. Note that the symmetric data traffic is given when ζ = 0.5. full-duplex system is restrictively considered and just start to be investigated recently [52] - [58] . Especially, the previous studies mostly have been tackled in the viewpoint of medium access control (MAC) layer [55] - [58] . Next, when the same set of UL and DL users are supported in the half-duplex system, e.g., the K users for UL and DL transmission, the pilot overhead of such half-duplex system can be reduced to K from 2K. However, this system only supports K users, and the merit of reducing the pilot overhead disappears as M and T increase. Moreover, in practice, supporting different user sets for the UL and the DL transmission by scheduling the best-performing sets leads more rate gain due to multi-user diversity.
VIII. CONCLUSION
In this paper, we have investigated the feasibility of the full-duplex large-scale MIMO cellular system by deriving the analytic model of the ergodic achievable sum-rate with the consideration of the large-scale fading, the pilot contamination, the Tx noise, and the Rx distortion. In addition, we proposed the SPT for channel estimation to resolve the critical pilot overhead problem. As considering the cooperative and non-cooperative multicell systems, we have analyzed the ergodic achievable sum-rate by reflecting the characteristic of each scenarios such as the limited front-haul capacity and the procedures of channel estimation. With all derived results, to investigate the feasibility, we have shown the trade-offs between the full-duplex and the half-duplex systems, between the SPT and the conventional scheme, and between the two multicell scenarios with respect to system parameters. Using simulation results, we first have shown that the full-duplex system becomes more advantageous as the number of the Tx and the Rx RF chains increases. Second, it has been seen that the front-haul capacity critically limits the achievable sum-rate and the accuracy of the channel estimation in the cooperative multicell system. Last, the advantages of SPT which are less sensitivity to the coherence time, the additional power gain for estimating channel, and the computational complexity almost same as those of nSPT. For future work, we will extend our system model to more practical scenarios such as delay over the front-haul link and the asymmetric data traffic to investigate the gain of the full-duplex system and the CRAN. Furthermore, it is worthy to analyze the feasibility of a full-duplex large-scale MIMO cellular system with respect to energy efficiency. APPENDIX A From (8), we estimate the SI channel based onỸ SPT ii,k (M t − K DL + 1), which is expanded from [59] . Then, the ergodic SINR is given by (50) , as shown at the top of this page. We note that the residual intracell interference exists due to the channel estimation error. Using the property of vector normalization, we compute each term. For instance,
APPENDIX C
In a similar manner of Appendix B, we first calculate the UL ergodic SINR for the MF detection filter after multiplying 1 ĝ u ii,k 2 to both the denominator and the numerator. We obtain (51) , as shown at the top of this page, where
For the ZF precoder, we use E w i,k 2 = 1 (ρ u ii,k ) 2 (Mr −KUL+1) . Since the remain procedures are similar, we omit the details.
APPENDIX D
Since we produce a precoder based on the global CSI, the collective channel vector includes elements of adjacent cells which follows different variance. For the MF precoder, we calculate this term with modification as follows: 
Since all elements are independent each other, (a) is obtained by developing the equation, where Ω 1 is defined in the previous section. Equality (b) follows the result after averaging each elements out based on [36, Lemma 1] . For the ZF precoder, we calculate as
where 
The ergodic SINR is obtained based on the same mathematical background as previous appendices.
APPENDIX E
As we discussed in Appendix D, the channel vector contains elements with different variance. Here, we describe the most complicated term to calculate as follows: (MrN −KULN +1) , discussed in Appendix C, we calculate P s w T i,k G BS off F C 2 . For the remaining terms, we calculate based on the mathematical background that was used in the preceding appendices.
